Uterine leiomyomas, commonly termed fibroids, clinically affect approximately 25% of women of reproductive age in the United States, with a subclinical incidence as high as 77%. The pathogenesis of fibroid formation remains poorly understood, due in large part to the lack of a suitable animal model. This retrospective study characterizes the clinical, gross, and histopathologic features of similar, spontaneously occurring uterine tumors in potbellied pigs. Medical records available through a local Potbellied Pig Spay/Neuter Program, pig sanctuaries, and the Duchess Fund database were reviewed for evidence of reproductive disease or surgery. One-hundred and six female potbellied pigs were evaluated and uterine neoplasia was identified in 17 animals; tissues were available for 13 of these. Uterine leiomyoma was diagnosed in 11 of 13 cases, leiomyosarcoma in 1 of 13 cases, and undifferentiated sarcoma in 1 case. Pigs presented with clinical signs including abdominal distension or vaginal bleeding or were subclinical and identified during ovariohysterectomy. Tumors ranged from microscopic to 45 kg, were often multiple, and primarily involved the uterine horns. Hematoxylin and eosin and trichrome-stained sections were evaluated for morphological features of human and animal leiomyomas; immunohistochemistry to detect smooth muscle actin was also performed. The cellular pattern/morphology and variable degree of fibroplasia of the leiomyomas were similar to that reported for human fibroids. These results support further investigation of uterine leiomyomas in potbellied pigs as a potentially valuable animal model for studying human fibroids.
INTRODUCTION
Uterine pathology of the pig has been minimally documented. Historically, evaluation of tissues at slaughter has identified a low incidence of a variety of uterine neoplasms including leiomyoma, fibroma, cyst-adenoma, fibroleiomyoma, and carcinoma (Von Winterfeldt, 1964; Anderson and Sandison, 1969; Werdin and Wold, 1976; Akkermans and van Beusekom, 1984) . More recently, 2 cases of uterine leiomyoma were reported in the potbellied pig (Munday and Stedman, 2002) . In addition, the Duchess Fund database 1a collection of potbellied pig medical records-lists 7 cases of uterine neoplasia, and one case of uterine leiomyoma in a potbellied pig was recently reported at the 2003 Southeastern Veterinary Pathology Conference (Wakamatsu et al., Tifton, GA) . The incidence of these tumors in the miniature pet pig may prove to be much higher than has been previously recognized.
Unlike commercially raised hogs, potbellied pigs provide an aging population, with the life span estimated to be as long as 20-25 years (Reeves, 1993) with an average of 10-15 years (The Merck Veterinary Manual, 8th edition, 1998) . Many fe-Address correspondence to: Dr. Darlene Dixon, National Institute of Environmental Health Sciences, P.O. Box 12233, MDC2-09, Research Triangle Park, North Carolina 27709; USA; e-mail: dixon@niehs.nih.gov 1 The Duchess Fund is a nonprofit organization dedicated to the acquisition and enhancement of medical data relative to the veterinary care of miniature pet pigs. This information is compiled in a central database and made available to the individual practitioner free of charge. The web address to access this information or submit cases is: www.duchessfund.org. male pet pigs are neither spayed nor bred. As a result, intact potbellied pig females are subject to cyclic hormonal influences about every 21 days (The Merck Veterinary Manual, 8th edition, 1998; Swindle, 1998) , somewhat approximating the year-round cyclic hormonal influences of the menstrual cycle in women.
In humans, uterine leiomyomas, commonly called fibroids, are a significant problem for women of reproductive age (Stewart, 2001; Vollenhoven et al., 1990) . These represent the most common genital tract tumor of women over the age of 30 years, with a reported incidence as high as 77% among American women (Cramer and Patel, 1990) . At least 25% of these are clinically significant (Buttram and Reiter, 1981; Crum, 1999) , making fibroids the most common reason for hysterectomy in the United States (Gambone et al., 1990) .
Despite extensive research, the pathogenesis of fibroid formation in women remains poorly understood. Epidemiological studies suggest that hormonal influences play a significant role, due in part to continuous menstrual cycling (Flake et al., 2003) . Molecular studies have identified differences in hormone receptor expression and further support a hormonemediated mechanism (Flake et al., 2003) . Unfortunately, the lack of a suitable animal model has made it difficult to further elucidate the pathogenesis of fibroid formation, including the role of xenoestrogens in uterine leiomyoma development. The testing of new drug interventions is hindered as well. In addition to a divergent reproductive cycle when compared to women, current rodent models are complicated by a generally low incidence of leiomyomas and the concurrent development of nonuterine tumors in multiple organs (Everitt Newbold et al., 2000) . Uterine leiomyomas in the potbellied pig may prove to more closely mimic fibroid development in women and provide a new and valuable animal model to study this disease.
METHODS

Data Retrieval
Medical records available through a local Potbellied Pig Spay/Neuter Program (North Carolina State University, College of Veterinary Medicine), pig sanctuaries, and the Duchess Fund database www.duchessfund.org were reviewed for a history of reproductive disease or surgery. The approximate age, clinical signs, gross anatomical and histological data were compiled from hospital, surgery, and/or pathology reports. The clinical and gross characteristics of uterine tumors in potbellied pigs evaluated in this study are summarized in Table 1 .
Tissue Processing
Tissue samples (9 cases) obtained at surgery or necropsy were placed in 10% neutral buffered formalin at room temperature for 24-72 hours, then processed and paraffin-embedded using routine methods. A keyword search of the Duchess Fund database yielded 7 more cases, including the 2 previously reported by Munday and Stedman (2002) ; paraffin blocks or unstained slides for 3 of these cases were submitted from various pathology laboratories. A single case identified at the state diagnostic laboratory was also included (Rollins Diagnostic Laboratory, Raleigh, North Carolina). Processing information is not known for outside submissions.
Samples were sectioned at 4-5 µm and stained with hematoxylin and eosin (H&E). Additionally, all sections were stained by Masson's Trichrome method to assess connective tissue. Immuno-staining for smooth muscle actin was also performed (IgG mouse monoclonal antibody, clone 1A4, Ventana Medical Systems, Tucson, Arizona) using an automated staining machine (Ventana Medical Systems), company-supplied biotinylated goat anti-mouse secondary polyclonal antibody, streptavidin peroxidase, and 3,3 -diaminobenzidine (DAB) as a chromogen. Any mes-enchymal tumors that did not demonstrate positivity for smooth muscle actin were stained similarly by immunohistochemistry for vimentin (IgG mouse monoclonal antibody, clone 3B4, Ventana Medical systems).
Histologic Evaluation
H&E stained sections of mesenchymal tumors were evaluated blindly for morphological criteria used to distinguish human and animal leiomyomas and leiomyosarcomas including cell density, atypia, hyaline degeneration, mitotic figures, and evidence of invasion or metastasis. When multiple masses were not individually identified, or when multiple tissues were available from a single tumor, tissue sections with the highest cellular density were evaluated for each case.
RESULTS
Seventeen cases of uterine neoplasia were identified in the medical records available from 106 female potbellied pigs, with all affected animals estimated to be 5 years of age or older. Congenital aplasia of the right uterine horn in 1 piglet was the only reported gross abnormality in any pig under the age of 3 years. Final diagnoses listed in the medical records of animals with uterine masses included leiomyoma (11), leiomyosarcoma (3), undifferentiated sarcoma (1), and carcinoma (2). Two masses had no pathology data. Additional gross or histologic reproductive abnormalities reported included cystic endometrial hyperplasia (10), pyometra (3), endometritis (1), intraluminal uterine hemorrhage (2), and adenomyosis (2). Clinical signs attributable to the uterine masses were reported in 8 cases and included abdominal distension, vaginal bleeding, and terminal anorexia, lethargy and/or recumbency (see Table 1 ). At least 3 animals were asymptomatic.
Of the 17 reported cases of uterine neoplasia, tissues were available for histological evaluation for 13 potbellied pig patients, and among these were single or multiple leiomyomas (11/13), leiomyosarcoma (1/13) and undifferentiated sarcoma (1/13) (see Table 1 ). A uterine squamous cell carcinoma (1/13) was diagnosed in 1 pig also bearing multiple leiomyomas and will not be discussed further.
Gross Features
Uterine leiomyomas (n = 11) were single (4), multiple (6), or undetermined (1), typically spherical and expanding outward from the serosal surface of the uterine horns (5) ( Figure 1A) , or less frequently the uterine body (2), into the broad ligament; location was not specified for the remaining 4 neoplasms evaluated. The masses were generally considered to be well-demarcated from the adjacent normal myometrium and were typically white to tan, very firm, and often laminated or whorled on cut surface ( Figure 1B) . Tumor sizes ranged from microscopic (2 mm) ( Figure 1C ) to greater than 80 cm/45 kg. Four of the leiomyomas were reported to bear multifocal cystic cavitations filled with pale yellow, clear, watery fluid (cystic degeneration). Gross evidence of implantation or metastasis was evident in 2 cases representing the leiomyosarcoma and undifferentiated sarcoma; the former was identified throughout the mesentery although visceral organs were not evaluated, and the latter had implanted on the capsular surface of the spleen. 
Histologic Features
Histologically, mesenchymal neoplasms consistent with leiomyoma were comprised of well-differentiated smooth muscle cells arranged in interlacing fascicles amidst variable amounts of collagen-rich stroma. In sections encompassing the junction with normal tissue, neoplasms arose from the inner or outer layers of myometrial smooth muscle. Cells were spindle shaped with eosinophilic cytoplasm and fusiform, blunt-ended nuclei with indistinct nucleoli. Mitotic figures ranged from 0 to 2 per 10 high-powered (40×) fields. The presence of degeneration and the degree of collagen deposition varied considerably among the leiomyomas (Figure 2A  and 2B) . The leiomyosarcoma and undifferentiated sarcoma exhibited high cellularity, marked cellular atypia, and high mitotic activity in addition to evidence of distant metastasis or implantation. Masson's Trichrome stain demonstrated collagen deposition within leiomyomas ranging from that found within normal adjacent myometrium to large bands of fibrous tissue interposed between delicate strands of neoplastic smooth muscle ( Figure 2C and 2D ). All but 1 of the evaluated mesenchymal neoplasms (12/13) showed positive cytoplasmic staining for smooth muscle actin, confirming smooth muscle origin (Figure 2E and 2F) . The remaining tumor (1/13) was strongly vimentin positive but smooth muscle actin negative, yielding a diagnosis of undifferentiated sarcoma. Of the 13 cases examined histologically during this study, single or multiple leiomyomas were diagnosed in 11 animals, leiomyosarcoma in 1 animal, and undifferentiated sarcoma in 1 animal (see Table 1 ). Additional diagnoses included cystic endometrial hyperplasia (10), adenomyosis (2), squamous cell carcinoma (1), and neutrophilic endometritis consistent with pyometra (1).
DISCUSSION
Uterine leiomyomas, or fibroids, in women constitute a significant reproductive threat, clinically affecting at least 25% of the American female population and resulting in almost 200,000 hysterectomies each year (Gambone et al., 1990) . Subclinical incidence is reportedly as high as 77% among American women (Cramer and Patel, 1990 ), yet little is known of the pathogenesis of these tumors. As a result, treatment options and preventative measures are limited, and the lack of a suitable nonrodent animal model hinders further progress.
The occurrence of spontaneously developing uterine leiomyomas in laboratory animals is infrequent, although tumor formation can be induced in several species including mice and guinea pigs (Lipschutz and Vargas, 1941; Field et al., 1989; Newbold et al., 2002) . Currently, the Eker rat is most notable for a high incidence of uterine tumor development following a germline mutation; however, this rat model of hereditary renal cell carcinoma develops the uterine leiomyomata as well as splenic hemangiosarcoma concurrent with the renal tumors Houston et al., 2001) . In contrast, women spontaneously develop these gynecological tumors apart from other neoplastic processes. In addition, uterine leiomyomas in the rat model exhibit histomorphologic variability Howe et al., 1995) not typically seen in women where the majority of tumors consist of well-differentiated smooth muscle cells.
The potbellied pig appears to have a high incidence of spontaneous development of uterine leiomyomas, previously unrecognized due to the low density and scattered distribution of pet pigs. Such a porcine model is comparable to women in a number of ways. First, although the endometrial lining is not shed, the porcine estrous cycle occurs approximately every 21 days, and lasts for about 2-3 days, the duration of which more closely approximates menses observed in women compared to the rodent estrous cycle (Yuan and Carlson, 1987; The Merck Veterinary Manual, 8th ed., 1998; Swindle, 1998; Andersen et al., 2002b) . This cyclicity of hormonal influences seems to play an important role in the development of uterine fibroids in women (Cramer et al., 1995; Andersen et al., 2002a; Flake et al., 2003) , making the potbellied pig an appropriate model in this respect.
Second, porcine uterine tumors apparently develop at the age of 5 years and over and may be single or multiple. Affected women develop single or multiple tumors between the ages of 30 and 40 years (Andersen et al., 2002a) . Although age is difficult to correlate between species with such variable life spans, both potbellied pigs and women develop neoplasms following an extended period of cyclic hormonal influences.
Third, as evidenced by the data presented here, the gross and histologic features of uterine leiomyomas in potbellied pigs are similar to those in humans. Porcine leiomyomas are typically demarcated, firm, often whorled in appearance grossly, and histologically comprised of well-differentiated smooth muscle cells with variable amounts of collagen interspersed, similar to the reported characteristics of fibroids in women (Robboy et al., 2000) .
Finally, incidence may also be comparable between the 2 species. Although medical records were available for 106 animals, the number of pigs 5 years of age and over was relatively small (n = 24). However, within this older population, approximately 70% were affected by uterine neoplasia (17 of 24), with approximately 65% (11 of 17) of the pigs diagnosed with leiomyoma(s).
Obviously, inherent difficulties were present with this retrospective evaluation. Tissues were not available for all reported neoplasms, and although histochemical and immunostaining of available tissues were performed within the same laboratory using standard protocols, initial sampling and fixation methods were not uniform. Multiple tumors within a single pig were sampled but often not individually identified; as such, although a diagnosis could be made for each animal, tumors could not be individually assessed. Clinical signs and gross tumor features were recorded variably; minimal potbellied pig patient history was available.
The data suggest a strong predisposition for potbellied pigs to develop uterine leiomyomas, warranting further investigation into the use of this species as an animal model of fibroids in women. Given the current lack of a suitable animal model, the potbellied pig may offer the means to elucidate the pathogenesis of fibroid formation, study the effects of endogeneous hormones and exogeneous agents on the development and growth of these tumors as well as to test potential therapeutic modalities. The seemingly high spontaneous incidence of this tumor in the mature potbellied pig, under the influence Vol. 32, No. 4, 2004 UTERINE LEIOMYOMAS IN POTBELLIED PIGS 407 of monthly hormonal variations, suggests that this species may be a well-suited model for studying uterine fibroids in women.
